A vast amount of surface science experiments provides a detailed qualitative picture of the mechanisms governing the catalytic dehydrogenation of ethylbenzene (EB) to Styrene (St) over unpromoted iron oxide. Also values of kinetic and energetic parameters for adsorption and desorption are available. We present a methodology of kinetic modelling based upon this knowledge, aiming at an accurate prediction of the behaviour of the technical catalysts including deactivation and regeneration. This paper contains the detailed kinetic model and the procedure followed for determining the kinetic parameters.
Introduction
The power of microkinetic modelling [1] of a catalytic process based on data obtained from surface science studies was already demonstrated for ammonia synthesis [2] [3] [4] as reviewed in [5] . The catalyst in this system can be considered invariant. However, including gas-solid-interactions in catalytic reaction processes usually results in a change of state of the catalyst. In most cases these solid state transformations are connected with catalyst deactivation.
A typical example is the potassium promoted iron oxide catalyst used for styrene synthesis through dehydrogenation of ethylbenzene. It is known that the styrene catalyst undergoes significant changes during its lifetime. This involves physical degradation, formation of carbonaceous deposits and an inherent phase change of Fe 2 O 3 (hematite) under reaction conditions towards Fe 3 O 4 (magnetite), which exhibits only a minor catalytic activity [6, 7] . Nevertheless, kinetic expressions published by several groups [8] [9] [10] neglect these transient effects occurring under normal operating conditions. Therefore, such standard kinetic models have clear practical restrictions. They are not suitable to describe the catalytic behaviour except at a certain stationary state. Model based process optimization and assessment of the potential of novel reactor concepts become infeasible that way [8, 11, 12] . The shortcomings of available kinetic models definitely affect the progress in engineering of the styrene process. Clearly, it is infeasible to resolve the mechanism of the process studying the behaviour of the real catalyst under practically relevant conditions. The aim to analyse individual aspects isolated under well defined conditions led to a surface science approach. This approach relies on detailed conversion measurements and analyses of gas-surface interactions for monocrystalline model surfaces [13] [14] [15] [16] [17] [18] [19] [20] . Details of the experimental set-up and of the kinetic measurements are presented in [19] [20] [21] . The most comprehensive set of experimental data so far is available for epitactically grown single crystal films (SCF) of iron oxide representing a generic model of the real catalyst. These experiments provide:
• intrinsic reaction rates without falsification by diffusional limitations; • time resolved information of the changes of the film composition in the reaction atmosphere;
• kinetic and equilibrium parameters for the adsorption of individual components of the reaction mixture on the model surface. The available information allows for the postulation of a qualitative mechanistic model of ethylbenzene dehydrogenation over iron oxides.
However, the final goal is to translate this information to technical conditions. A model-based approach is employed in order to bridge the gap between the observations made on ideal surfaces and the behaviour of real catalysts. The chosen approach is based on the standard modelling procedure applied in chemical reaction engineering: the task is mainly to compute a set of parameters of the kinetic reactor model such that simulation results resemble the measured values as close as possible. The novelty of the present contribution consists in the structure of the model and in the experimental basis used for adjusting the free model parameters.
The underlying mechanistic catalyst model is introduced in section 2 and the model equations in section 3. Finally, parameterisation and validation of the model is discussed in section 4.
Catalyst model
The primary goal of our approach is the mechanistic description of the relevant physico-chemical gas-solid-interactions during dehydrogenation of ethylbenzene to styrene over iron oxide, thus the derivation of a mechanistic catalyst model. The model is represented by a set of stoichiometric equations describing the main reaction, the redox processes and coke formation on the catalyst surface. Side reactions towards benzene and toluene are neglected. Overall activity of the surface includes the contribution of clean iron oxide and coked areas. The model is based on the following assumptions: overall conversion is split up into individual steps of adsorption, surface reaction and desorption; gas-solid reactions related with formation and gasification of coke and phase transformation of iron oxide are considered as single-step reactions. Figure 1 shows the considered reaction steps. The surface is assumed to be inhomogeneous, consiting of areas of clean iron oxide and those covered by coke. The iron oxide layer is considered as a mixture of hematite and magnetite depending on the oxygen content. The feed components water and ethylbenzene as well as styrene adsorb at the surface. Thermal desorption mass spectroscopy (TDS) confirms the existence of the respective surface species [17] . The adsorption-desorption equilibrium is described by the following stoichiometric equations (adsorption: equations (1) to (3), desorption: equations (4) to (6) Only vague information exists on the conversion of adsorbed ethylbenzene to styrene. Dehydrogenation of EB via Habstraction by basic surface oxygen located at defect sites has been proposed [16] which would leave two OH groups at the surface. Direct recombinative desorption of H 2 is intuitively not the most likely path for hydrogen removal. An alternative would be desorption in form of H 2 O under consumption of surface oxygen. Reoxidation could be possible by dissociative adsorption of water or oxygen added to the feed (Mars-Van Krevelen mechanism). However, it has been shown that this stoichiometric reaction would result in a much faster substrate reduction than actually observed [7] . Since the actual mechanism is unknown so far, the dehydrogenation of ethylbenzene to styrene is formally regarded as a single-step surface reaction (equation (7)). The hydrogen formed is assumed to be directly released to the gas atmosphere. 
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Styrene is indicated as the precursor of coke formation [22, 23] (equation (8) ). According to [22] , the carbonaceous deposits are of poly-aromatic nature with H/C ratio of 0,5: Own analyses using Auger electron spectroscopy suggest a graphitic structure of the carbonaceous surface layer. The redox reactions of the iron oxides are formally described by equations (9) and (10) . Hydrogen oxidation or water dissociation as the reverse reaction is taken into account implicitly through their linear dependency on equations (9) and (10) . This is justified due to the high rates of these reaction steps.
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Removal of coke by gasification in water vapour or oxygen containing atmosphere (equations (11) and (12) 
Model equations
The kinetic reactor used for conversion measurements over monocrystalline model surfaces is described in [21] . Its design is intended to establish a stagnation point flow pattern in the chamber above the catalyst sample. A simple continuous stirred tank reactor (CSTR) model is employed for describing the set-up in the present context ( Figure 2 ). This is justified by the low conversions obtained during the kinetic measurements (max. 10%) producing only slight changes in the composition of the reaction mixture. This assumption is also consistent with the observed uniform surface composition during conversion experiments. Further, constant temperature and pressure are assumed. Hence, the model consists of dynamic mass balances of the gaseous, adsorbed and solid phase components. Two parallel reaction paths with different rates are considered for the reactions (1) to (8) over coke and iron oxide as discussed in the previous section. Reactor model underlying the kinetic modelling. Left: sketch of the micro reactor developed for kinetic measurements [19] . Right: reactor model indicating the phases considered.
The total surface areas covered by coke and iron oxide are given through:
Therein, a coke specifies the molar surface density of the coke layer. Its thickness on the deactivated catalyst was estimated to about 10 Å using Auger electron spectroscopy. Assuming the atomic density of graphite, this corresponds to about three monolayers. A 0 is the total surface area given by the geometry of the catalyst sample.
The iron oxide surface is assumed as a pseudo-homogeneous solid since oxygen is known to have a high mobility in the lattice at reaction temperature [24] . Conversion of hematite to magnetite is described through a uniform continuous depletion of oxygen and vice versa. Accordingly, the iron oxide surface model is represented through a pseudo-component varying continuously between magnetite and hematite. The fraction of each oxide is back calculated from the oxygen to iron ratio of the pseudo homogeneous phase. Molar balances of the lattice elements yield the hematite fraction to:
N Fe is the constant number of moles of iron in the catalyst sample and N 0 is the number of moles of lattice oxygen, which is variable. The activity of the iron oxide is variable depending on the hematite and magnetite content. The balance equations are expressed in moles. The unknowns of the system N, the number of moles of each component, are coupled through mass exchange terms J. Balances of gaseous components:
The balance of the solid pseudo-component iron oxide is expressed in terms of number of moles of lattice oxygen.
The constant pressure condition of the gas phase yields an expression of the outlet molar flow in terms of the feed stream and the mass exchange streams:
All exchange and conversion streams must be expressed as functions of the unknowns in order to obtain a well-defined system.
Adsorption and desorption streams are defined for EB, St and H 2 O according to stoichiometric equations (1) to (6) . For all other components they are explicitly set to zero.
Adsorption is assumed to be non-activated and non-dissociative with sticking coefficients σ j,s equal to unity:
sat. describes the maximum surface concentration of components on the surfaces. In [17] the respective value for EB, St and H 2 O on magnetite surface was derived theoretically and compared to experimental findings. We assume equal maximum surface concentrations for all components on magnetite as well as on hematite.
Desorption kinetics are derived from thermal desorption mass spectroscopy (TDS) and can be described by the following expression:
The reaction steps postulated in equations (7) to (12) are considered as single-step reactions. Accordingly, the reaction streams are written as follows:
• gasification reactions involving gas phase components:
• surface reactions involving adsorbed species:
Finally, the fluxes related to the phase transformation of either iron oxide to the other by reduction and oxidation are derived based on the principle of non-equilibrium thermodynamics [25] . According to this principle, equilibrium composition of the Fe-O system in the solid phase is determined by the composition of the gas atmosphere. The kinetics follow linear driving force relations, where the chemical affinity of the reaction, X, is considered as the driving force [25] : 
Parameter determination and discussion
The overall set of physico-chemical interactions of the catalyst model shown in Figure 1 includes in total 31 parameters as introduced in the previous section. Part of them (twelve parameters), i.e. the frequency factors and energies for desorption of EB, St and H 2 O from hematite and magnetite are directly measurable [16] [17] [18] .
The desorption energy of ethylbenzene over carbonaceous species is directly determined from recent measurements [26] . The respective parameter values for styrene are derived based on the assumption of identical frequency factors and slightly higher activation energy than for ethylbenzene similar to the findings on different iron oxide surfaces [17] . The parameters of water desorption from coke are determined analogously. The set of desorption parameters is summarised in Table 2 .
The parameter values determined for pure components also hold for the reactive system under the assumption of insignificant multi-component interactions of adsorbed species. This is justified by the low surface coverage under the conditions of the conversion experiments [14] . The remaining 13 parameters have been adjusted to conversion experiments in the kinetic reactor [19] [20] [21] . Three test series have been considered for parameter fitting: 1. nonoxidative dehydrogenation over initially clean magnetite surface ( Figure 3) ; 2. nonoxidative dehydrogenation over initially clean hematite surface ( Figure 4) ; 3. oxidative dehydrogenation over initially clean hematite surface ( Figure 6 ).
The conversion measurements have been performed mainly at a temperature of 870K and a total pressure of 1bar [7, 19] . Experimental data at varying temperatures have been acquired so far for the subsystem 2 ( Figure 5 ). The available experimental data are gas phase concentrations measured by gas chromatography (GC) and data from off-line surface analyses. The surface analysis data are labelled in the conversion diagrams. Table 1 summarises the iron oxide fractions derived from Auger electron spectroscopy (AES) and low-energy electron diffraction (LEED). The surface fraction covered by coke is determined by AES and temperature programmed oxidation (TPO) [19] . These experimental data form the basis for fitting the unknown parameters of the kinetic model stated above.
We apply a stepwise parameter fitting procedure, which addresses the different subsystems. The advantage of this strategy is that only a reduced number of interactions are active at once and artificial cross correlations between parameters can be avoided. Iron oxide composition and degree of surface coverage by carbonaceous deposits (both from surface analysis) and measured conversion over epitactically grown, mono-crystalline surfaces at : T=870K, p tot =1bar, p H2O =3400Pa, p EB =340Pa, He carrier gas, V= 25*10 -6 Nm 3 /min. Starting point of the parameter fitting is the behaviour of a water-ethylbenzene feed over magnetite model catalysts ( Figure  3 ). All interactions related to the hematite surface are inactive. Furthermore, no phase change takes place, as no oxygen is present. The change in conversion over time is attributed to coke formation. Surface analysis by AES and TPO clearly indicates complete coverage of the surface with coke (labels B and F) [19] . The evolution of conversion with time and the build-up of carbon deposits allows for determination of the values of 4 . Figure 3 indicates the decrease in conversion directly related to the increasing surface coverage by coke. The steady state conditions at the end of the experiment correlate to the activity of the carbon deposits only.
Next, a water-ethylbenzene feed over hematite is considered (Figure 4 Figure 5 depicts the measured conversion at three different temperatures along with the simulated values. Finally, the addition of oxygen to the process is considered (Figure 6 ). Starting from hematite, all interactions become active and allow for the determination of the remaining parameters, i.e. (7)) is thermodynamically consistent. The kinetic model is validated applying the dynamic response of the system to a step-change of the feed composition. The experiment starts with a fresh hematite model catalyst and a feed stream of water, ethylbenzene and oxygen. After 120min the oxygen supply is interrupted for 30min. Figure 8 shows an excellent agreement between the measured and simulated conversion.
We conclude that the catalyst model and the used parameter set adequately describe the behaviour of the styrene synthesis process over ideal, monocrystalline surfaces which are free from mass transport limitations. The model also describes the observed catalyst deactivation taking into account transformations of the catalyst phase and formation of carbonaceous deposits. The validity of the set of parameters is confirmed by the fact that parameters derived for independent subsystems could be adopted unchanged for the description of the full system. An a posteriori confirmation of the chosen step-wise approach is given by the sensitivity analysis with respect to the adjustable parameters presented in appendix A.
Conclusions and outlook
A mechanistic model for the dehydrogenation of ethylbenzene to styrene over single crystal iron oxide films is derived and parameterised based on a combined surface science and chemical engineering approach. The experimental data used for parameter fitting originate from TDS measurements in ultra high vacuum and conversion measurements in a micro reactor. The conversion measurements comprise the transient behaviour of increasingly complex subsets of the considered reaction system. In addition, off-line surface analysis by LEED, AES and TPO provides insight into surface composition and coverage by carbon deposits.
A stepwise procedure has been applied for determining the parameters of the kinetic model following the order of the conversion experiments. An excellent agreement between modelling and experimental results is attained. The results confirm that the behaviour of the single crystalline surface can be described with a continuum model as a function of macroscopic variables (catalyst composition, gas phase composition, surface coverage). Hence, the model is compatible with commonly used reactor models in chemical engineering and can be regarded as the first step towards utilizing the knowledge gained from analyses of the ideal system under well-defined conditions in understanding and modelling technical catalysts. In a next step the focus will be set on modelling porous catalysts assessing whether they can be described adequately by superposition of the above kinetic model valid for the single crystal surface and an adequate pore model accounting for diffusional transport. 
